Abstract. Two electron heating events have been identified on 20 May 1996 when Polar was in the polar cap/polar cusp boundary layer. The electron heating events were located within magnetic holes/cavities/bubbles and were accompanied by nonlinear ±14 nT peak-to-peak (f∼0.6 to 0.7 f cp ) obliquely propagating proton cyclotron waves. The electrons appear to be heated isotropically. Electric bipolar pulse (electron hole) onset events were also detected within the heating events. We propose a scenario which can link the above phenomena. Nonlinear Alfvén waves, generated through cusp magnetic reconnection, propagate down magnetic field lines and locally heat electrons through the ponderomotive force. The magnetic cavity is created through the diamagnetic effect of the heated electrons. Ion heating also occurs through ponderomotive acceleration (but much less than the electrons) and the protons generate the electromagnetic proton cyclotron waves through the loss cone instability. The obliquely propagating electromagnetic proton cyclotron waves accelerate bi-streaming electrons, which are the source of free energy for the electron holes.
Introduction
Magnetic holes (Cummings and Coleman, 1968; Sugiura et al., 1969) are regions of local decrease in magnetospheric magnetic field magnitudes that contain enhanced plasma densities maintaining pressure balance (Lühr and Klöcher, 1987; Treumann et al., 1990; Stasiewicz et al., 2001 ). This auroral zone magnetic field phenomena have also been called magnetic cavities and magnetic bubbles. Low frequency (f<25 Hz) electromagnetic turbulence often accompany the magnetic holes. Treumann et al. (1990) 
have indicated that
Correspondence to: B. T. Tsurutani (bruce.t.tsurutani@jpl.nasa.gov) the holes contain electromagnetic waves with frequencies up to several times the ion cyclotron frequency which may be either whistler waves or ion cyclotron waves. Stasiewicz et al. (2001) have analyzed waves in the 0-30 Hz frequency range and have argued that these waves are Doppler-shifted kinetic Alfvén waves (KAWs). Stasiewicz et al. (2001) have suggested that the magnetic holes are created by a tearing mode reconnection process and that the related 0.1-30 Hz broadband waves are most likely Alfvén waves generated by the Hall instability. The plasma heating is believed to be related to particle interactions with kinetic Alfvén waves. Pickett et al. (2002) have analyzed the wave turbulence in the outer cusp boundary layer to attempt to identify the nature of the turbulence. They have found that the turbulence E/B ratios did not exactly fit the kinetic Alfvén wave (KAW) dispersion curve (contrary to Stasiewicz et al., 2001) and Pickett et al. concluded that the waves might be a mixture of dispersive KAWs and perhaps lower hybrid turbulence. Angelopoulos et al. (2001) have found that the low frequency wave power is consistent with 2-D turbulence with phase velocities smaller than the spacecraft speed and frequency as low as or lower than the oxygen gyrofrequency. They conclude that these waves cannot resonate with and heat the ions.
The purpose of this paper is to examine two magnetic hole events in detail using a full complement of Polar field and plasma data. At the time of the events, the Polar spacecraft was at an altitude close to apogee (∼6 R E ) and within the polar cap/cusp boundary layer. Wideband plasma wave, highresolution electron and ion data and high resolution magnetic field data are used in the analyses. In conclusion, we will present a possible scenario that links Alfvén waves, electron heating, magnetic holes, proton cyclotron waves and onsets of electric bipolar pulse (electron hole) events. 
Data analyses
We use the Polar satellite plasma wave, plasma and magnetometer high-time resolution data for the study. The instrument descriptions can be found in Gurnett et al. (1995) , Scudder et al. (1995) and Russell et al. (1995) , respectively. The Polar spacecraft was located near local noon at ∼08:26 UT, 20 May 1996, for the events of concern. Figure 1 shows the plasma environment during the time of one of the magnetic hole events. The top panel gives the electrons and the second panel the ions. The Hydra instrument does not distinguish mass (however, since the predominant ions present in the boundary layers are protons, we will hereafter make the assumption that these are protons). The vertical scale is particle energy, the horizontal scale is time, and the particle flux is given by the color. The onset time of the first electron heating event is indicated by a vertical solid line. A vertical dashed line gives a "background" time to be used for comparative purposes.
Results

Electron heating
It can be noted that the electron heating occurs simultaneously with electron and ion density increases. This is apparent by the broadening of the energy ranges of both types of particles (both higher and lower energies are apparent at these times) and the brightening in color. The electrons are heated to ∼100−200 eV (note the "background" is already relatively high. This will be discussed later).
The electron distribution functions during the "background interval" and at the time of the first electron heating event are shown in the next to bottom right and next to the bottom left distribution plots, respectively. The distribution functions are determined by using data from two spacecraft spins, or ∼13 s. The proton distribution functions during the "background interval" and the electron heating event are given in the bottom right and left panels, respectively. The magnetic field direction is given by the horizontal dotdashed lines and black arrows (on the far right of each panel). The solid triangles at the very bottom give the times for the distribution functions.
Several important features can be noted in the distribution plots. The electron distributions (third panels from top) during the background interval and during the electron heating interval are isotropic. The electron temperatures are enhanced during the ion event (note the larger radius of the yel-low and aqua regions). This can also be seen in the top panel where electrons at ∼200 eV are noted. There is no evidence of electron bi-directional streaming in either case.
There is a field-aligned ion beam during the background interval. For the electron heating interval, the particle fluxes are enhanced and distended in V ⊥ relative to the background (right side) case. Fluxes are enhanced at pitch angles ≤ ±45
• . Thus the "change" in the ion distribution during the event is that the field-aligned beam widens to form a "broad beam" with pitch angles throughout ∼ ±45
• pitch. Figure 2 is in the same format as Fig. 1 , but for the second electron heating event. The vertical dashed line is the background and the vertical solid line is the time of the electron event.
The distributions on the left are the background electrons and ions, and the distributions on the right are the electrons and ions for the electron heating event. The background distribution for this second event are similar to those of the first event. For the background case, the electrons are isotropic. When the electrons are heated, they are again heated isotropically. During background, the ions have a pitch angle distribution including particles of pitch within ∼ ±30
• of B 0 . During electron intensification, ion fluxes are increased and the edge of the cone of pitch angles increased to ±45
• .
Holes/cavities/bubbles
The three components of the magnetic field and field magnitude are shown in spacecraft coordinates in Fig. 3 . In this system,x is along the projection to the sun in the spin plane, z is the rotation axis of the Polar spacecraft, andŷ forms a right-hand system. The two electron heating events are indicated by vertical dashed lines. The electron events are associated with intervals where there are magnetic field magnitude decreases (next to bottom panel) as well as corresponding electron density enhancements (bottom panel). These are the magnetic holes (cavities/bubbles) that have been previously reported in other studies (Lühr and Klöcher, 1987, Treumann et al., 1990; Stasiewicz et al., 2001) . The magnetic field structures are shown in high-time resolution in Fig. 4 . The field components are given in a minimum variance coordinate system, where B 1 , B 2 and B 3 are the components along the maximum, intermediate, and minimum variance directions, respectively. Dashed vertical lines include intervals where the minimum variances were calculated.
The minimum variance method has been described by Sonnerup and Cahill (1967) and first applied to electromagnetic wave analyses by Smith and Tsurutani (1976) . The results of the analyses are shown in the hodograms of Fig. 5 . The analyses of the first interval from 08:25:17.2 to 08:26:06.4 UT is given on the left. Assuming that this whole interval is one cycle of a wave, the wave is found to be linearly/elliptically polarized (λ 1 /λ 2 = 8.4) and is propagating at a ∼ 79
• angle relative to the ambient magnetic field. There are higher frequency waves superposed on this low frequency wave. The former waves will be discussed later. The sec- ond wave event occurs between 08:26:39.8 to 08:27:28.9 UT. This wave is elliptically polarized (λ 1 /λ 2 = 3.9) and is propagating at ∼ 54 • relative to B 0 . In the above, λ 1 and λ 2 are the maximum and intermediate eigenvalues of the covariance matrix. The polarization is similar in both wave cases, and the oblique propagation characteristics are also similar.
The power spectra for the second electron heating event is shown in Fig. 6 (the results for the first event are similar, but is not shown for brevity). The time interval shown is from 08:26:20 to 08:27:50 UT, 20 May 1996. The coordinate system used is the minimum variance system. The spectrum on the left is the power in the direction of maximum variance for the interval. The spectrum is more or less a steep power law (f −2.3 ) extending from 5 · 10 −2 Hz to 7 · 10 −1 Hz. Particularly noticeable is a peak at ∼2 Hz. The right panel shows the power spectra in the field magnitude. The spectral features are similar to the left-hand panel. There is a steep power law spectrum from 5 · 10 −2 to 7 · 10 −1 Hz. The slope is slightly steeper (f −2.6 ). There is again a distinct peak at ∼2 Hz. It is noted that the spectral shape of interplanetary magnetic fluctuations at 1 AU is also a power law, but less steep. Typical spectra are f −1.6 to f −1.8 (see Table 2 in Tsurutani et al., 2002a) . The significance of this comparison will be discussed later.
Electromagnetic ∼2 Hz waves
To get more information concerning the nature of the spectral peaks near ∼2 Hz, we analyze the output of the PWI low- The two panels correspond to the magnetic fields during and around two electron heating intervals. In each panel the interval between the two vertical dashed lines were used to define the minimum variance coordinate system, the system used to display the field components. Figure 8 shows the time interval of 08:27:11.452 to 08:27:16.092 UT on 20 May 1996 at approximately the time of the second electron heating event. In both figures, the data are plotted in field-aligned coordinates, whereẑ is in the direction of the magnetic field, y is in the dawn-dusk direction orthogonal toẑ, andx completes the right-hand coordinate system. The top three panels show the electric field components and the lower three panels the magnetic field components for fluctuations above 1 Hz. Figure 7 shows the clear presence of large amplitude electromagnetic waves.
The transverse magnetic field component is as large as ∼14 nT peak-to-peak (at ∼08:25:58.903 UT) with a significant parallel component of ∼7 nT peak-to-peak. The average wave period is 0.44 s or a frequency of ∼2.3 Hz. The local proton cyclotron fre- The magnetic wave amplitudes are as large as ∼9 nT peak-to-peak with a parallel component of 3 nT. The wave frequency is ∼1.9 Hz or 0.63 f cp . The waves are left-hand elliptically polarized in the spacecraft frame, propagating at an angle of ∼70 • relative to B 0 . The waves are electromagnetic proton cyclotron waves.
quency is 3.05 Hz. Thus the wave frequency is 0.75 f cp . Minimum variance analyses have been applied to the waves (not shown). The waves appear to be a mixture of left-and rightpolarized waves propagating obliquely to B 0 . Detailed analyses of this event is beyond the scope of the present paper and will be postponed for subsequent analyses.
There are significant wave electric fields present as well. The most interesting are the large components parallel to B 0 . There is a ∼4 mV m −1 component that is part of the obliquely propagating electromagnetic waves. However this is not the only wave component that is present. At ∼08:26:02.333 UT to 08:26:02.493 UT, there are high frequency ∼6 mV m −1 peak-to-peak waves present. These electrostatic waves have a frequency of ∼31 Hz. We note that the electrostatic waves at ∼31 Hz are occurring at frequencies above the bandpass roll off frequency of 25 Hz (the 3 dB level). It is estimated that the attenuation at 31 Hz is 20 dB. Thus, the true amplitude of the electric waves may be extremely large. The existence of wave components at frequen- cies above 31 Hz cannot be addressed by this data set. In comparison, the lower hybrid frequency f ce f cp is ∼240 Hz. Figure 8 shows the presence of electromagnetic proton cyclotron waves during the second electron heating event. The wave amplitudes are as large as ∼9 nT peak-to-peak with a parallel component of ∼3 nT peak-to-peak. The average wave period is 0.53 s or f ∼1.9 Hz. This corresponds to f ∼ = 0.63 f cp . The waves are left-hand elliptically polarized and propagate at an angle ∼ 70
• relative to B 0 . The maximum-to-intermediate eigenvalue ratio λ 1 /λ 2 is 19, indicating the waves are highly elliptically polarized. There are also significant parallel electric field components with E ∼ 2 − 4 mV m −1 . Again, much of the electric oscillations are associated with the obliquely propagating proton cyclotron waves, but there is also a high frequency wave component present as well, similar to the case in Fig. 7 .
Electrostatic bipolar pulses
An electric bipolar pulse onset event that occurred during the first electron heating event is shown in Fig. 9 . The event onset occurs at ∼08:25:55 UT. At ∼08:25:54.581 UT the E signal (third panel from the top) appears out of background. It reaches a peak-to-peak amplitude of ∼2 mV m −1 by 08:25:54.584 UT. The rise time duration is ∼ 3 · 10 −3 s. There is little or no E ⊥ (topmost two panels) component in these signals. The local electron cyclotron frequency was ∼ 5.7 · 10 3 Hz at the time of the event. Assuming an expo- nential growth rate, Tsurutani et al. (2001a) had determined a wave growth rate of ∼ 0.25 f ce . A bipolar pulse onset event occurred at ∼08:27:08 UT, during the second electron heating event. This is shown in Fig. 10 . Again, the signals rise out of noise (at ∼08:27:08.120 UT) and the signals are (initially) present only in E .
The waves reach an amplitude of ∼ ±2 mV m −1 by 08:27:08.137 UT. After a slight lull, the wave amplitude grew again and reached ∼ ±9 mV m −1 by ∼08:27:08.169 UT. By this time, the transverse (E ⊥ ) electric components reached amplitudes of ∼ 3 − 4 mV m −1 . This wave growth rate was approximately five times slower than that of the Fig. 9 event.
Summary
We have shown the simultaneous presence of many plasma/plasma wave phenomena in a region of the polar cap/cusp boundary layer. Electron heating events and ion density enhancements are detected in magnetic holes/cavities/bubbles. The ion events have many features similar to cusp injection events (Savin et al., 1998; Pickett et al., 2002) . Large amplitude, obliquely propagating electromagnetic waves with frequencies slightly below the local proton cyclotron frequency were also detected during the electron heating events. From the frequency and polarization characteristics, these can be identified as electromagnetic proton cyclotron waves (other modes are clearly present as well, but have yet to be identified). Electric bipolar pulse (electric hole) onsets are detected with the electron heating events. There were no long-lasting electron beams present, a mechanism previously suggested as a possible source of the electron holes. All of these phenomena are detected on closed magnetic field lines, well inside the magnetopause. This was determined by "ion soundings" (Scudder, 2002) .
Discussion
Note that we have not previously addressed the source of the elevated ion and electron backgrounds shown in Figs. 1 and  2 . One likely source is pulsed cusp magnetic reconnection (Lee and Fu, 1985; Scholer, 1988) with concomitant ion injections (Lockwood et al., 1998; Boudouridis et al., 2001; Lockwood et al., 2001) . In this paper we focus on further heating of electrons of these events.
The Alfvén wave ponderomotive force and electron heating
The wave ponderomotive force on charged particles has been derived by Landau and Lifschitz (1960) , Lee and Parks (1983) and Li and Temerin (1993) and is given below:
where q s is the particle charge, (the subscript "s" is used for species), m s the particle mass, s the particle gyrofrequency, and ω is the wave frequency. ∇E 2 ⊥ and ∇E 2 are the gradients of the wave perpendicular and parallel electric fields. Equation (1) can easily be obtained from the ponderomotive potential P M (Bhattacharya et al., 1990; Bellan and Stasiewicz, 1998) for a charged particle in a wave field:
where r is the position vector of the particle, and the bracket denotes a time average over the wave period. Equation (2) is more suitable to calculate the energy gains for electrons and ions.
In Fig. 4a bottom panel, near the trailing edge of the Alfvén wave, the steepened part is found from 08:25:58 UT to 08:26:04 UT, or a duration of ∼6 s. This corresponds to a frequency of ∼0.17 Hz. This is much smaller than the local electron cyclotron frequency ∼ 6.7 · 10 3 Hz. For obliquely propagating Alfvén waves, we have E ∼ E ⊥ k /k ⊥ . Thus, the ratio of perpendicular to parallel electric field term in Eq. (1) can be written as:
so one gets for the ratio of the two terms as: (assuming that m 2 e k 2 ⊥ /m 2 i k 2 < 1 and ω/ i < 1): Thus, the electrons should be heated mainly by the gradient of the parallel electric field.
For the event in Fig. 4a with the relevant plasma parameters mentioned in the text, the energy gain can be estimated from Eq. (2). It is seen that the electron can be heated up to ∼2 keV in ∼6 s, the time period of the steepened edge of the Alfvén wave. This is more than sufficient for the observed energy (∼200 eV). These heated electrons are believed to create the magnetic holes through a diamagnetic effect.
We have also calculated the ponderomotive energy gain of ions. For the same wave cycle time (∼6 s), the energy gain is ∼1 eV. We do not find evidence in the ion data for heating simultaneously with the electrons. This may be due to the more gentle heating process. The existence of proton cyclotron waves is certainly evidence of the possible creation of anisotropic proton heating.
Possible sources of Alfvén waves
One possible source of the Alfvén waves is creation by pulsed magnetic reconnection in the cusp with consequential propagation into the magnetosphere to the spacecraft location. Another possibility is magnetosheath wave penetration into the magnetosphere (however, it should be noted that the frequency spectrum of the boundary layer Alfvén waves was steeper than that for interplanetary Alfvén waves). A third possibility is wave generation via solar wind ram pressure pulses (Haerendel, 1994; Tsurutani et al., 2001b) .
Bipolar pulse onsets
The isotropic electron distributions, both in the background and simultaneously with the ion heated events, preclude the possibility of the existence of long-lasting bi-directional electron beams, thought to be a possible free energy source of the bipolar pulse events (Omura, 1996 We would like to point out that there is a possibility to generate bipolar pulses by ion beams. Ashour-Abdallah and Okada (1986) have suggested a mechanism for the generation of broadband electrostatic noise (BEN) in the plasma sheet boundary layer in terms of electron acoustic waves driven by an ion beam. This mechanism requires the presence of two population of electrons (cold and hot) in addition to an ion beam. For the two electron heating events, the hot electrons are evidently present. However, the information about the cold electron component is not available at this time. As shown earlier, a field-aligned ion beam is present during the background interval of the electron heating events, thus there is a distinct possibility of electron acoustic wave excitation by the ion beams. An interesting aspect of the ion beam generation mechanism is that the instability saturates by trapping cold electrons, which eventually become hot, thus shutting off the instability. This mechanism would give rise to phase-space electron holes which will produce bipolar pulse signature.
There is another possible bipolar pulse generation mechanism, which we propose here. The parallel electric field component of the obliquely propagating proton cyclotron waves can provide a mechanism for short duration bi-directional electrons, however. A schematic is shown in Fig. 11 .
In the figure, the two proton cyclotron waves are propagating oblique to B 0 . There is a component of the wave electric field parallel to B 0 . The sign of E will oscillate spatially as the wave propagates along the k direction. The two wave packets are independent, and for this case, are shown to have phases 180 • relative to each other. There will be positions (top field line) when the electric fields will accelerate electrons toward each other (creating two oppositely directed beams). At this time, this is only a suggestion. Details of the acceleration and the threshold of a possible cross electron beam instability are currently being investigated.
Proposed scenario
We have shown many interrelated plasma phenomena in the Polar data set. Our working hypothesis and proposed scenario is the following: magnetic reconnection or interplanetary pressure pulses incident on the magnetopause lead to the generation of large amplitude Alfvén waves which propagate within the boundary layer to the spacecraft. The waves phase-steepened and cause electron heating through the ponderomotive force. The heated electrons cause the magnetic holes through the diamagnetic effect. The Alfvén waves heat protons only slightly. The anisotropic particles generate electromagnetic cyclotron waves through the loss cone instability. The obliquely propagating ion cyclotron waves heat electrons which then generate bipolar pulse events (electron holes). This paper should be considered as an initial look into a very complex multifaceted physical problem. There are several tens of these electron heating events during this same day, and our next step will be to examine many more of these events to determine if a general, uniform picture of this process emerges.
